Thirty-seven studies (9 years and 11 locations) met the criteria for inclusion (FHB index ≥ 5% and max-min range ≥ 4 percent points [p.p.] ). Studies were group into two production situations: low (Yl ≤ 3,631 kg ha -1 ) or high (Yh > 3,631 kg ha -1 ) yield, based on the median of maximum yields across trials. Population-average intercepts, but not the slopes, from fitting a random-coefficients model, differed significantly between Yl (2,883.6 kg ha -1 ) and Yh (4,419.5 kg ha -1 ). The calculated damage coefficient was 1.05 % -1 and 1.60 % -1 for Yh and Yl, respectively. A crop model simulated attainable wheat yields for 10 planting dates within each
year during a 28-year period, including prior (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) and after (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) FHB resurgence. Simulated losses using disease predictions to penalize yield were in general agreement in magnitude with literature reports, for both periods. Economic analysis for scenarios of variable fungicide costs and wheat prices, and one versus two sprays of tebuconazole, showed that the probability of not-offsetting the costs was higher (> 0.75) prior to FHB resurgence than after the 1990. Our approach may be useful for designing of longlasting, yet profitable, contingency tactics to management FHB in wheat. Currently one spray of triazole fungicide during flowering is more likely a profitable decision than applying two sprays, for which there is greater uncertainty.
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Fusarium head blight (FHB) is a flower-infecting fungal disease of wheat and barley that directly and negatively impacts yield and contaminates grains with mycotoxins produced by the fungus (Goswami and Kistler 2004; McMullen et al. 1997 ). FHB has been considered a resurgent problem worldwide since the early 1990s with economic losses estimated around $2.7 billion in the United States over a two decade period (McMullen et al. 2012 ). Similar patterns have been reported in wheat and barley regions in South America where the frequency of FHB epidemics increased during the 1990s compared to the previous two decades (Fernandes 1997; Kikot et al. 2011; Moschini and Fortugno 1996) . Two hypotheses for this resurgence include the wider adoption of conservation tillage practices, as well as the increased use of corn-wheat rotations in North America and Europe (Landschoot et al. 2013; Schaafsma et al. 2005) . In Brazil, modeling work also showed a significant contribution of climate variability to the resurgence of FHB based on analysis of a 50-year weather dataset for a location in southern Brazil (Del Ponte et al. 2009 ).
The occurrence and intensity of FHB epidemics are driven by the amount of airborne inoculum (primarily ascospores), which may originate from both within and outside the field, combined with humid conditions during and post anthesis period that favor infection of the host (McMullen et al. 2012) . Disease control is best achieved through the use of integrated practices including cultural measures aimed at reducing local inoculum, the use of moderately resistant cultivars and applying fungicide around anthesis (Wegulo et al. 2011) . Although chemical fungicides, mainly of the triazole chemistry, have been recommended for controlling FHB, the efficacy levels are generally modest and influenced the type of active ingredient, wheat cultivar, number of sprays and application technology (Edwards and Godley 2010; Machado et al. 2017; Willyerd et al. 2012) .
Coinciding with the resurgence of FHB, research since the mid-1990s has focused on evaluating a range of control methods, including host resistance and fungicide sprays, all with the explicit goal to reduce mycotoxin contamination and protect wheat yields. Thus, these efforts have generated a large amount of epidemiological data (Kazan et al. 2012; McMullen et al. 2012; Shah et al. 2018 ). These large data sets have enabled the use of meta-analytic approaches to study the effects of fungicides on disease control, yield increase and mycotoxin reduction, as well as to explore empirical relationships between FHB index and wheat yield or mycotoxin levels (Madden and Paul 2009; Salgado et al. 2011 Salgado et al. , 2014 Salgado et al. , 2015 . Meta-analysis has become standard for studying empirical relationships between disease and yield data for other diseases like soybean rust (Dalla Lana et al. 2015) , soybean white mold (Lehner et al. 2017 ) and soybean target spot (Edwards Molina et al. 2018) .
The majority of studies on the relationship between FHB intensity and variables like yield or mycotoxin have been conducted in the temperate regions in North American cropping conditions (Madden and Paul 2009; Salgado et al. 2011) , which differ from subtropics of South America in both abiotic and biotic factors, as well as management practices Spolti et al. 2014) . In North America, for example, the relationship between FHB index and yield was quantified using field trials from multiple location-years to estimate damage coefficients (percent reduction in yield per percent point increase in FHB index) for winter wheat (Madden and Paul 2009; Salgado et al. 2015) and spring wheat (Madden and Paul 2009 ).
In Brazil, previous efforts to estimate yield losses due to FHB were based on destructive sampling of wheat heads in replicated non-treated plots of field experiments to estimate attainable (non-diseased spike/samples weight) and actual yield (sample weight) based on absolute and relative yield losses. Using this method, mean yield losses were estimated to be higher for the period 1999-2010 compared to the 1984-1994 period (Panisson et al. 2003; Reis et al. 1996; Reis and Carmona 2013) . Since the early 2010s, significant yield reductions due to FHB have been reported in non-treated plots from a network of uniform fungicide trials (UFTs) (Santana et al. 2012 (Santana et al. , 2016a . A recent meta-analysis of the effect of fungicides on FHB control and yield using data from several sources, including the UFTs data from Brazil, explored yield responses and economic benefits from using fungicides. Results suggested that one spray of triazole fungicide may suffice and be economic to manage the disease (Machado et al. 2017) .
While several papers have highlighted the impact of FHB on wheat in Brazil, the heterogeneity of the functional relationship between FHB intensity and wheat yield has not been explored. This approach could be a useful non-destructive method for predicting FHB index and improving the risk assessment of economic losses due to FHB. Thus, the objective of this study was to model the relationship between a single (critical-point) assessment of FHB index and wheat yield data obtained from independent studies in order to obtain estimates of damage coefficients in a manner similar to other previously published studies (2000 to 2016) . Altogether, these locations comprise 90% of the total wheat production in Brazil (CONAB 2018) ( Fig. S1 ). Portion of these data has been used in a previous study on the effect of fungicides on disease and yield (Machado et al. 2017 ). In brief, the studies were conducted following a standard protocol and regional recommendations of agronomic practices. Fusarium head blight disease development was natural in all trials. The number of treatments evaluated in each trial ranged from 5 to 13 (average of 8.5 treatments/trials). All trials included a non-treated control. Fungicides were typically applied once at flowering (Zadoks scale 60 -64) or twice, being the first at flowering and the second 10 days later. The specific fungicide treatments, and respective application rates, varied among trials (Machado et al. 2017 ).
The disease response variable used in our study, FHB index (%), which represents the proportion of diseased spikelets in the sample of spikes (Paul et al 2005 (Paul et al , 2007 . This index was assessed during soft dough stage (Zadoks scale 85), prior to senescence. Plots were harvested and the mean yield (kg ha -1 ) adjusted to 13% grain moisture. Data from all trials were inspected closely for both FHB index and yield from which two criteria were defined to select trials for inclusion in the analysis: a) FHB index in the trial should be at least 5%, to ensure that yield reductions were due to FHB, and b) a minimum range of four percentage points between the minimum and maximum FHB index should occur in order to more reliably estimate the slopes (Madden and Paul 2009 ). Twenty-seven trials did not meet these minimum criteria (primarily due to FHB index < 5%) and were excluded from subsequent analyses. Influence analysis was also performed from which five influential trials were excluded (data not shown). Therefore, data were available for 37 trials reported in 18 studies (Table S1 ). A multilevel (random coefficients) model was fitted to the yield-FHB index relationship and the population-average intercept and slope were estimated as described elsewhere, assuming a linear relationship between FHB index and yield (Lehner et al. 2017; Madden and Paul 2009 ). The predicted study-specific intercepts (ߚ 0 ) and slopes (ߚ 1 ) were estimated from the best linear unbiased predictors (BLUPs) using maximum likelihood, together with the population-average parameters. Models were fitted separately for trials based on two production situations that were defined based on maximum yield achieved in the trial: high yield (Yh) or low yield (Yl). Yields in the low-yielding category of trials were assumed to be due to unknown (unmeasured) abiotic (low soil fertility, drought) or biotic stresses (foliar diseases, pests, etc). The classification of individual trials was based on the median of the maximum yield values across trials (3,631 kg ha -1 ).
Effect sizes and meta
The lmer function of the lme4 package of R was used to estimate the mean effect based on the between-study variance and within-study variance and also predict the study-specific intercept (ߚ 0 ) and slope (ߚ 1 ) coefficients (Lehner et al. 2017 To test for significance of the trends in yield loss predictions in the time series, as well as to test the effect of two sowing periods (sowing dates before or after June 15 th ), a generalized additive model (GAM) (Wood 2017 ) was fitted to the data using the gam function of mgcv R package (Wood 2017) . The smooth terms estimated for each sowing period were compared at 5% significance.
Risk analysis of not-offsetting control costs. An economic analysis to quantify the probability of not-offsetting control costs was conducted, aiming to verify when the cost of the fungicide was not covered by an expected relative increase in yield (kg ha -1 ). This analysis was conducted in several steps, with the probability values being obtained through simulation approach. The first step was to extract the estimates of control efficacy for tebuconazole fungicide used in FHB management in Brazil, which were already summarized by Machado et al. (2017) . Therefore, the obtained estimates of control efficacy ሺ ‫ܥ‬ ሻ for tebuconazole, either applied once (1 ) or twice (2 ), were used in our simulations. For this, we assumed ‫ܥ‬ to follow a uniform distribution given by: , taking both fungicide application cost ‫ܨ(‬ = fungicide plus application costs) and the average wheat price (ܹ ) by year. This probability is the cumulative standard-normal function given by:
where ߔ is the cumulative standard-normal function (Machado et al. 2017; Paul et al. 2011 combinations for each of the three periods (1980-1989, 1990-1999, 2000-2007) . A simplified diagram depicting the steps of our modeling approach is presented in Figure 1 . index in the non-treated plots ranged from 5 to 89.3% (mean = 23.6%). In 19 (51.3%) trials FHB index was greater than 10%, which is considered a threshold for epidemics of concern (Shah et al. 2013). Maximum yield ranged from 1,460 to 5,692 kg ha -1 (mean = 3,676 kg ha -1 ). Intercepts and slopes varied considerably within each yield group. For Yl, intercepts ranged from 1,708 to 4,299 kg ha -1 , with an overall mean of 2,977 kg ha -1 and slopes ranged from 43.5 to -381.9 kg ha -1 , with overall mean of -71.8 kg ha -1 ( Fig. 2A) . For the Yh crop situation, intercepts ranged from 3,000 to 6,097 kg ha -1 , with an overall mean of 4,473 kg ha -1 (Table   S2 ) and slopes ranged from 52.9 to -220.2 kg ha -1 , with overall mean of -60.9 kg ha -1 ( Fig.   2A ). All but two slopes (ߚ 1 ) were negative, one in each yield group, indicating that yield generally decreased as FHB index increased.
Random coefficients model. The multilevel model that considers the random effect of individual trials on both the intercept and slope provided a better fit to the data, compared with slope or intercept-only models (data not shown), across the 37 trials. Mixed modelderived intercept and slope values varied among individual studies (Table S2) . Study-specific intercepts (ߚ 0 ) ranged from 1,620 to 5,786 kg ha -1 (ID = 2,470.6 kg ha -1 ) and study-specific 
(4) which gives the following equations for high and low wheat yield: 
The population-average (and respective 95% ‫ܥ‬ ‫ܫ‬ ௦ ) predictions for the inclusion of the covariate baseline yield in the model are shown in Figure 2B . Because the estimated slope did not differ between low and high yield class, a reduction of 1,000 kg ha -1 would occur at an FHB index of 21.6 % for both yield classes. The damage coefficient predictions for high-yield and low-yield conditions were 1.05% -1 and 1.6% -1 , respectively. (1.05% pp -1 ) representing high-yielding situation. Overall, relative yield reductions varied significantly both intra and inter-annually (Fig. 3A) . For the pre-FHB resurgence period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) , yield losses ranged from 1.0% to 12.6% (mean = 5.8%). For the two subsequent periods, 1990-1999 and 2000-2007 , yield losses ranged from 3.1% to 22.6% (mean = 10.3%) and from 3.2% to 25.8% (mean = 10.2%), respectively (Fig. 3A) . A significant upward trend was detected in the time series (P < 0.01). However, differences between the smooth terms of the two planting date periods within a season were not significant (P > 0.05) (Fig. 3B) . ) was greater during the pre-FHB resurgence period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) than for the two subsequent periods, regardless of the number of sprays (Fig. 4A, B) . The
was more affected by fungicide cost and wheat prices than the number of fungicide sprays. For example, for a fungicide spray costing $20 U.S./ha, and wheat price of $175 U.S./ton,
was 59%, 26%, and 35% for 1980-1989, 1990-1999, and 2000-2007, respectively. When using two sprays, the
values were 59%, 33%, and 34%, for 1980-1989, 1990-1999, and 2000-2007, respectively . This is also clear in the yearly simulations of
for more likely benefit-cost ratios (wheat price / fungicide cost in US$) where the risk of not offsetting the costs tended to decrease after the early 1990s and remained lower for scenarios of one than two sprays (Fig. 5 ).
Figure 4
Probability categories of non-offsetting on fungicide investment for different scenarios of wheat prices and fungicide costs (product price + operational costs) for A, one or B, two sprays (first spray at early to mid-flowering and a second 7 to 10 days later) for Fusarium head blight (FHB) control. Probability for each time period, encompassing the periods prior (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) and after (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) FHB resurgence, was calculated using the estimates of the mean difference ‫ܦ(‬ ഥ ), and respective between-year standard deviation (ߪ 2 ) obtained from the yield estimates with and without fungicide application for 28 growing seasons in Brazil. Figure 5 Temporal series of the mean probability, and respective 95% confidence interval, of non-offsetting the costs (probability of loss) for benefit-cost ratios (wheat price / fungicide cost in US$, see ranges in Figure 4 ) ranging from 5 to 15. The probabilities were calculated for both one and two fungicide application.
Discussion
Using a meta-analytic approach, our quantitative information confirms that FHB is an important yield-limiting disease of spring wheat in the subtropics (Casa et al. 2004; Panisson et al 2003; Spolti et al. 2015) . This study also provides numerical estimates of yield loss trends due to FHB in a temporal series of 28-years by linking the meta-analytical estimate parameters to a crop and a disease model to estimate yield losses. Our estimates of yield loss due to FHB followed trend similar to that reported by Reis (1996) and Reis and Carmona (2013) using a completely different approach; those studies estimated 5.4% of yield losses spanning 10 years (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) and 21.6% for the 2000 to 2010 period, respectively. This suggests that our estimates match quite well with the magnitude and trend of increase in yield loss verified in Brazil after FHB resurgence, with no major trend changes afterward.
Our results highlight that baseline estimates of yield (population-average intercept)
was similar to the estimates for the same wheat type (spring) in the United States (Madden and Paul 2009 ). Nonetheless, slope estimates differed among these different studies, likely due to their inherent characteristics of the production area. The variance in the parameter estimates of meta-regression models may be reduced by inclusion of additional covariates in the model (Lehner et al. 2017; Madden and Paul 2009) . Although baseline yield did not affect the population-average slope, intercept values differed between trials representing a low or a high-yielding situation, which was not an unexpected result. A similar pattern was found in the US study (Madden and Paul 2009) where population-average slopes did not differ between spring and winter wheat, which typically represent low and high-yielding wheat, respectively. Given that intercept values varied among the studies, the magnitude of the damage coefficient, which depends on both coefficients, differed between the groups within each country, although there were some similarities between countries for some of the conditions. For example, for a high-yielding spring wheat situation, the Dc calculated in our study (1.05% -1 ) was very close to an overall (unconditioned) Dc calculated for spring wheat in the United States (0.99% -1 ) (Madden and Paul 2009) , which indicates that spring wheat yields in the US were higher than in Brazil on average. In a further US study with data for soft red winter wheat, the damage coefficient due to FHB was slightly greater (1.17% -1 ) and
neither wheat cultivar nor the presence of foliar disease Stagonospora leaf blotch (SLB) significantly affected the slopes (Salgado et al 2015) .
The increased damage coefficient for subtropical spring wheat in the low-yielding situation may be due to the additional effect of unobserved biotic and abiotic stresses that weakened the plant and its defenses against FHB (Al-Khatib and Paulsen 1999; Asseng et al. 2015; Buck et al. 2007; Sharma et al 2007) . In addition, we cannot rule out, given we used data from fungicide trials, the potential effect of fungicides, especially DMI + QoI mixtures applied during flowering, controlling flag-leaf diseases like tan spot in Brazil. This can affect the damage coefficients due to reduced impact of foliar disease, thus protecting yield (Blandino et al 2006 (Blandino et al , 2011 Wegulo et al. 2011 ).
Using a model-based approach that linked a weather-based FHB model with a wheat simulation model and the meta-analytical estimate of the damage coefficient, FHB-induced yield loss trends were quantified at magnitudes that matched earlier literature reports. For example, a quantitative review of yield losses, measured using a destructive sampling approach in fungicide trials spanning 21 years Schaafsma et al. 2001; McMullen et al 1997) .
In spite of this knowledge, the effectiveness of cultural practices for managing FHB in Brazil was previously question (Reis 1990 ) and current evidence that supports the claim in subtropical cropping conditions includes: a) overwintering of several grasses harbor the pathogen (Reis 1990) ; b) presence of airborne inoculum throughout the year (Reis 1988; Fernandes, 1997) ; and c) non-influence of the presence of within-field maize residues on FHB risk . Collectively, results from our simulations based only on seasonal weather and not taking into account changes in agronomic practices (that promote inoculum build-up), confirm that the re-emergence of FHB in Brazil has been more likely due to variation in seasonal weather patterns, as previously suggested (Del Ponte et al. 2009 ) rather than cultural practices (Fernandes 1997) . Our results are important for guiding priorities for management, including breeding efforts to mitigate both direct and indirect losses due to FHB, especially given the increased production costs from reliance on fungicides recommended for protecting yield and reducing mycotoxin contamination (McMullen et al. 2012; Wegulo et al. 2015) .
Prior to the early 1990s, the profitability of a single fungicide spray during flowering for FHB control was questioned due the sporadic nature and mostly mild FHB epidemics in the preceding decades (Picinini and Fernandes 1998; Reis et al. 1996) . However, accurate yield loss estimates, using a destructive sampling approach during the early 2000s, contradicted the previous recommendation and showed economic benefits from using one fungicide spray at full flowering (Panisson et al 2003) . Our model-based estimates of yield losses and fungicide profitabilities showed that the risk of not-offsetting a single fungicide sprays was predominantly high prior to the resurgence (< 1990s), evidenced by the low frequency of more profitable conditions, and agreeing with current recommendation for the period (Reis et al. 1996) . The profitability tended to increase in general after the 1990s, when a single fungicide spray, but not often two sprays, was more likely to pay-off. Caution is needed in interpretation because we are not taking into account the effect of fungicide sprays on other traits affected by FHB such as test weight and mycotoxin, which downgrade grain value (Salgado et al 2014 (Salgado et al , 2015 .
We found that the yield loss time series was not affected by planting period, although it is expected that there may be annual variation since previous reports indicated increasing risk of FHB for later planting dates (after June 15) compared to prior dates (Lima et al. 2005 (Lima et al. , 2006 . Therefore, it is difficult to ascertain any general recommendation on planting dates for managing FHB, though it is important mentioning that our disease model does not take an increase in airborne inoculum levels into account, which tends to peak later in the season (Del Ponte et al. 2009 ). Given the dependence of FHB epidemics on weather conditions during a relatively short period (flowering) (Del Ponte et al. 2005) , diversification of planting dates has been proposed as a way to minimize risk through an escape mechanism (Reis and Carmona, 2013) . Our simulations indeed showed significant within-year variations in yield losses, varying in magnitude across the years.
Our approach for modeling yield loss may be useful for risk assessment and design of long-lasting, yet profitable, contingency tactics to management FHB in wheat. Under the current scenario, one fungicide spray (tebuconazole) during flowering is more likely a profitable decision than applying two sprays, for which there is greater uncertainty. The damage coefficients can be useful in decision support tools like apps embed with real time predictions of disease severity and economic scenarios (Willbur et al. 2018 
